Background: Annually, colorectal cancer (CRC) is diagnosed in >1.4 million subjects worldwide and incidence is increasing. Much effort has therefore been focused on screening, which has proven to reduce cancer-related mortality. The Sept9 DNA-methylation assay is among the most well studied blood-based screening markers. However, earlier reported performances may be misleading: the Sept9 test was recently examined in two screening based cohorts and yielded performances lower than expected. We hypothesize that comorbidities and/or demographic characteristics affect the results of the Sept9 test.
Background
At present, primary colorectal cancer (CRC) is diagnosed in >1.4 million subjects annually and incidence is increasing [1] . Although improved surgical approaches for especially rectal cancer has improved the overall survival rates it is mainly early stage cancers that are curable by surgical intervention. The most reliable self-reported symptom of CRC cancer is dark rectal bleeding with a positive predictive value of 20.6 % and an odds ratio (OR) of 7.4 for CRC [2] , but symptoms may be evasive. Therefore, much effort has been focused on screening and hence earlier detection of CRC, which has repeatedly proven to reduce the cancer-related mortality [3, 4] .
In recent years several screening markers have emerged to help diagnosing early stage CRC or even premalignant lesions. They separate in two different categories: stool markers, such as FOBT/FIT and bloodbased markers as DNA/RNA and proteins [5] . It is expected that blood-based screening assays may improve the clinical sensitivity compared with stool tests, because of an expected higher compliance among screening subjects [6, 7] ; however the cost-effectiveness has not yet been proven [8] . The Sept9 DNA-methylation test is among the most well studied blood tests; often in casecontrol study designs [9] [10] [11] . Recently, the Sept9 test was examined in two medium/large sized asymptomatic screening based cohorts and yielded overall sensitivities (range 48-68 %) and specificities (range 78-91 %) lower than expected based on the earlier case-control studies [12, 13] . This may indicate that the performance of the Sept9 test is affected by covariates, such as comorbidities and/or demographic characteristics of the subjects in screening populations. However, currently we have only limited knowledge of which comorbidities or characteristic could be involved as this has not been part of earlier study objectives.
To address this question we have tested the Sept9 assay on a nested case-control cohort selected from a large well-characterized cohort of subjects referred to colonoscopy due to CRC symptoms; the subjects also had a wide range of co-morbidities.
Methods

Human plasma samples
The retrospective nested case-control cohort in the present study was selected from the prospective Danish Endoscopy II study, a multicenter trial, which from April 2010 to November 2012 recruited 4698 subjects referred to colonoscopy due to CRC related symptoms. All patients gave informed consent to participate and the study was approved by the The Danish National Ethics Committee (H-3-2009-110 ) and the Danish Data Protection Agency (2007-58-0015). Exclusion criteria were previous colonoscopy, previous CRC or adenoma, diagnosis with HNPCC (Hereditary Nonpolyposis Colorectal Cancer or Lynch Syndrome) or FAP (Familial adenomatous polyposis), previous or present extracolonic malignant disease, or age under 18. Just prior to colonoscopy all subjects had a blood sample collected. All clinical information was collected, including surgical/oncological intervention, as well as cancer TNM stage, and adenoma histology. Intervention followed the Danish Colorectal Cancer Group (DCCG) guidelines. Chronic diseases were divided into large disease groups: Hypertension, Diabetes (type I and II), manifest Arteriosclerosis (pooling former AMI, stroke due to thrombosis, chronic ischemic diseases in peripheral arteries and chronic ischemic heart diseases), respiratory diseases and Arthritis (active arthritis in more than one joint).
The nested case-control cohort consisted of 300 participants: 150 cases and 150 controls with no evidence of CRC disease (NED). Cases consisted of 21 high risk adenomas (size ≥1 cm and/or villous histology >25 % and/ or sessile-serrated polyps and/or high-grade neoplasia and/or ≥ 3 adenomas), 35 stage I CRC, 35 stage II CRC, 30 stage III CRC and 29 stage IV CRC based on UICC criteria. To minimize confounding, cases and controls were matched by age and gender. Cases were selected with gender evenly distributed according to disease stage and with 1/3 of tumors localized in the rectum, 1/3 in the proximal colon (coecum, ascending colon and right flexure), and 1/3 in the distal colon. Chronic disease and comorbidities were not included as exclusion criteria. For all participants, clinical follow up for further 3 years were obtained; as all Danish patients are registered with a personal computerized ID-number, and all hospital treatment is recorded in a national database, there were no participants lost to follow-up. A survey of the cohort identified the expected associations between comorbidities and life style factors, indicating the cohort is representative of future CRC screening cohorts (Additional file 1: Table S1 ).
For all 300 participants, plasma was isolated from ethylenediaminetetraacetic acid (EDTA) stabilized whole blood by double centrifugation at 10 min for 3000 g at room temperature. Plasma was then stored at −80°C under 24/7 electronic surveillance until isolation of circulating cell-free DNA (cfDNA).
Sept9 test
cfDNA isolation and analysis for presence of methylated Sept9 DNA was done using the Epi-ProColon kit as described by Potter et al. [13] : The Epi proColon test comprises the Epi proColon Plasma Quick kit, the Sensitive PCR kit, and Control kit. All analyses were done blinded to subject outcome and were performed by Epigenomics GmbH, Berlin. Samples were processed in batches with a random distribution of cases and controls to avoid analytical bias, and negative and positive processing controls ensured validity of the test result. A minimum of 2 ml of plasma was provided for cfDNA isolation; one participant did not meet this requirement and was excluded. cfDNA was isolated from 3.5 ml plasma for 139 participants, and from between 2.0-3.5 mL plasma from 160 participants; a total of 299 subjects (149 cases and 150 controls).
To isolate cfDNA we used the Plasma Quick kit, where plasma was mixed with 3.5 ml of lysis buffer and incubated for 10 min, after which magnetic beads and absolute ethanol were added; the sample was incubated on a rotator for 45 min. Impurities were removed from the magnetic beads in a wash step. The purified DNA was then released from the beads in elution buffer and treated at 80°C with a solution containing ammonium bisulfite for deamination of cytosine. The converted cfDNA was captured by use of magnetic beads, passed through a series of wash steps, and eluted in 60 μL buffer. Samples were then analyzed for presence of methylated Sept9 DNA with the Sensitive PCR kit on a 7500 Fast Dx Real Time PCR device (Life Technologies). The assay was designed as a duplex real-time PCR for the methylated Sept9 γ promoter and ACTB (actin, beta) as an internal reference to assess the integrity of each sample. PCR was performed in triplicate with 15 μL template DNA per well and run for 45 cycles. We recorded PCR results from the 7500 Fast Dx software for ACTB and methylated Sept9 for each of the triplicate reactions. The validity of each sample batch was determined on the basis of methylated Sept9 and ACTB cycle threshold (Ct) values for the positive and negative controls. Samples were only deemed valid if the ACTB control was positive in all three replicates (had amplification curves detected within 45 cycles). Sept9 test results for individual samples were scored positive, if a Ct value was detected within 45 cycles. Samples were scored negative when no methylated Sept9 Ct value was reported for any of the 3 valid PCR replicates.
Statistical methods
We assessed the association in between all variables and also pair-wise between Sept9 and all other available variables using Fishers exact tests. All tests were two-sided, and p < 0.05 was considered statistically significant. Test for trend of increasing true positive results with increasing tumor stage was done using the Wilcoxon rank sum test. Univariate logistic regression models were used to assess the diagnostic power of all available variables for CRC. Bivariate models were used to assess the association between Sept9 and all other available variables, including if any of the available variables modified the effect of the Sept9 test. Finally a multivariate model was built to assess the adjusted diagnostic power of the Sept9 assay in the context of all the variables affecting or associated with it. All reported models passed the HosmerLemeshow's goodness of fit test. All assumptions for the different analyses were fulfilled. STATA V.12.1 (StataCorp LP, Texas, USA) were used for all statistical analyses.
Results
Clinical performance
An overview of the demographic and co-morbidity characteristics of the included subjects is provided in Table 1 . In this study the overall sensitivity of the Sept9 test for detecting CRC was 73 % (95 % CI, 64-80 %) vs 59 % (95 % CI 50-67 %), using the 1/3 and 2/3 scoring algorithms, respectively. Clinical sensitivity for the individual CRC stages I-IV, using the 1/3 and 2/3 algorithms was as follows: 37 % vs 17 %; 91 % vs 74 %; 77 % vs 63 %; and 89 % vs 86 %. The sensitivity was significantly lower for stage I than for the higher stage tumors (Wilcoxon rank sum test, p < 0.001). As expected the two algorithms yielded significantly different sensitivity and specificity results (p < 0.001, Fisher's exact test). For high risk adenomas the sensitivity was 14 % (95 % CI, 3-63 %) vs 0 % (95 % CI, 0-1.6 %), for the two algorithms. The positivity rates for adenomas were not different from the rates in the NED group, 18 % (95 % CI, 12-25 %) vs 5 % (95 % CI, 2-9 %), for the two algorithms ( Table 2) .
The overall test specificity was 82 % (95 % CI, 75-88 %) vs. 95 % (95 % CI, 91-98 %) for the two algorithms. To investigate if any subjects with NED falsely scored positive due to an occult cancer, all subsequent instances of cancer diagnoses three years after the initial colonoscopy were identified through hospital records. None of the subjects with NED that scored falsely positive were later diagnosed with cancer.
Factors potentially affecting assay performance
To investigate if the outcome of the Sept9 test was affected by any of the available demographic or clinical variables (excluding symptoms) the significance of all associations with Sept9 was tested using Fisher's exact test. Initially the continuous variable age was plotted against Sept9 outcome to look for trends of association, and to determine a cut-point for dichotomization of the age variable (Fig. 1) . The plot revealed a tendency towards an increased false positive rate for NEDs with ages above >65 years, particularly for the high specificity 2/3 algorithm (Fig. 1, right panel) . After dichotomizing age at 65 years and testing for association to Sept9, the group with age >65 was significantly associated with increased false positive rates for both the 1/3 and 2/3 algorithms (p = 0.015 and p = 0.05 respectively). The analysis also revealed that age >65 was associated with an increased false negative rate for the 2/3 algorithm (p = 0.007, Tables 3 and 4 ). However, this significance was probably driven by an unintended imbalance in tumor stage distribution in the two age groups, with the >65 age group having significantly fewer stage III and IV tumors (Additional file 2: Table S2 ).
Of the other variables only Arthritis and Arteriosclerosis consistently affected Sept9 outcome. Arthritis was associated with an increased false negative rate (Table 3) , which was significant for the 1/3 algorithm (p = 0.005) and borderline for the 2/3 algorithm (p = 0.07). Arteriosclerosis was associated with an increased false positive rate (Table 4 ). This association was significant for the 2/ 3 algorithm (p = 0.007) and borderline for the 1/3 algorithm (p = 0.07).
Female gender was associated with an increased false negative rate for the more sensitive 1/3 algorithm but not the more specific 2/3 algorithm.
As a low sample input means less cfDNA available for analysis, it was tested whether a low plasma volume had any effect on Sept9 performance. No effect on sensitivity was observed (Fishers exact test p = 0.69 vs p = 0.59 for the two algorithms). On the opposite, a low plasma volume surprisingly seemed to produce more false positive controls (Table 4) . However, this significance was probably driven by age, as more subjects aged >65 had lower plasma volumes (Additional file 3: Table S3 ).
Sept9 as predictor of CRC
Logistic regression models were built to evaluate: i) how well a positive Sept9 test predicts CRC, ii) which, if any, of the available exposure variables might modify Sept9's ability to predict CRC, and iii) the strength of the association between the Sept9 test and the diagnosis of CRC, when taking these variables into account. First, it was evaluated which of the available variables (including symptoms) were associated with CRC. In univariate models, only Sept9 (OR 8.25, 95 % CI 4.83-14.09, p < 0.001), rectal bleeding (OR 2.82 95 % CI 1.76-4.5, p < 0.001) and Diabetes (OR 5.89, 95 % CI 1.68-20.68, p = 0.006) showed a significant association (Additional file 4: Table S4 ).
To identify variables associated with Sept9 outcome, univariate logistic regression models were built with Sept9 as outcome variable and all other variables consecutively as explaining variable. Diabetes was significant with an OR of 5.2 (95 % CI 1.4-19.1), and likewise was age when adjusted for tumor stage (OR 2.06, 95 % CI 1.1-3.8), but none of the other variables (Additional file 5: Table S5 ).
Next, we checked if any variables modified the outcome of the Sept9 test. Age >65 and Arthritis was found to be significant modifiers with an OR of 2.46 (95 % CI 1.14-5.30) and 0.03 (95 % CI 0.00-0.22), respectively. Consequently, we allowed for effect modification from these factors in the final multivariate regression model (Additional file 6: Table S6 ).
All variables found to be associated with Sept9 by either Fishers exact test or regression (age, Arthritis, Arteriosclerosis, and Diabetes) were included in a final multivariate regression model with CRC as outcome. Interestingly, the adjusted OR associated with a positive Sept9 test increased from 8.25 to 29.46 (95 % CI 12.58-69.02, p < 0.001) for the 1/3 algorithm Table 5 . Similar results were obtained for the 2/3 algorithm (Additional file 7: Table S7 ).
Discussion
Clinical performance
It is well examined that the Sept9 test can be used to identify occult CRC. More than 15 .000 subjects have been tested and the reported sensitivity ranges from 36.6 to 95.6 % [14] . The test has primarily been applied to cases and controls selected from separate populations i.e. cases were typically patients with symptomatic CRC found at colonoscopy, while controls were often screening subjects or symptomatic individuals found to be tumor negative after colonoscopy. This makes statistical comparison uncertain, and furthermore does not fulfil the REMARK criteria [15] . The present study, with cases and controls selected from the same cohort of symptomatic subjects, who all had their blood samples drawn and processed according to the same standard operating procedure, fulfills the requirement of the REMARK criteria. Moreover the included subjects have gender and comorbidity distributions similar to what can be expected in a screening population. This might be the reason that the overall results are more similar to that of recent screening based cohorts than of earlier case-control studies [10, 12, 13] . The present study indicated that the Sept9 assay had low sensitivity in detecting early stage tumors (adenomas and stage I carcinomas). However, that may potentially be explained by the limited plasma volume used for analysis (≤3.5 ml). It has been reported that the number of ctDNA (cell-free tumor DNA) genome equivalents per 5 milliliter blood often is less than ten for patients with stage I carcinomas [16] . Accordingly, to increase the sensitivity towards early stage tumors it will probably be necessary to increase the plasma volume. In addition to plasma volume other factors may potentially also influence adenoma sensitivity. A recent report indicated that the methylation of the Sept9 locus is a late event in the transformation of adenomas to carcinomas [17] ; even if adenomas release ctDNA, it may not be methylated and hence may not be detected by the Sept9 assay. One way to mitigate this particular problem could be to use multiple markers, including markers targeting adenomas, rather than Sept9 alone. Along these lines we hypothesize that to reach optimal sensitivity and specificity of both adenomas and early stage carcinomas an increased plasma volume and a multiplex test, targeting several colorectal neoplasia specific methylation markers, is needed.
Factors with impact on assay performance
The influence of demographic parameters on the Sept9 test has previously only been sparsely examined. In line with other reports we showed that gender and tumor localization did not affect assay sensitivity [10, 12, 13, 18, 19] . Previously, deregulation of Sept9 expression has been reported to be associated with genomic instability by at least two mechanisms associated to chromosomal instability (CIN), namely by mitotic spindle defects and/ or incomplete cell division [20] . Therefore we investigated whether Sept9 methylation was better at predicting CIN than microsatellite unstable (MSI) tumors? Surprisingly, we could not identify differences between the positivity rates for MSI and microsatellite stable (MSS) cancers (Fishers exact test, p = 1.00, Table 3 ). The only factor besides tumor stage recurrently reported to influence Sept9 performance is age. Higher age has been described to be associated with both decreasing sensitivity and specificity [12, 13] . Our findings are in support of this observation, as we also showed the assay to have reduced specificity for the oldest test subjects (age > 65). The decreasing specificity with older age might be partly explained by the known correlation between chronological age and increased genome-wide DNA methylation changes [21] , but could also be due to a higher prevalence of chronic diseases in elderly compared to younger subjects. Several studies associate various chronic diseases with DNA methylation changes [22, 23] . This might lead to a higher risk of coincident and non-CRC related methylation of the Sept9 locus in elderly subjects. Though a positive Sept9 test should not be regarded as confirmative evidence for CRC, and should always be confirmed by a colonoscopy, a decreased specificity with age >65 challenges a test aimed at subjects at age 50-75 years, and lead to larger down-stream costs. To address this problem an age-differentiated use of the two Sept9 scoring algorithms could be considered: if the 1/3 algorithm is applied to subjects ≤ 65 and the 2/3 algorithm is applied to subjects >65 years the combined sensitivity and specificity is 64 % and 89 % compared to 0.73 % and 0.82 % for the 1/3 algorithm alone (Additional file 8: Table S8 ).
In contrast to earlier studies, several co-morbidities influenced the Sept9 test in the present study [10, 13, 24] . Particularly, subjects with Arthritis were difficult to score correctly for the Sept9 test. This has not been reported earlier. Nevertheless, in 2008 the assay was tested in a cohort of 315 control subjects without CRC, but with different comorbidities [24] . By going through the reported data we observed, consistent with the present study, that 20 % of NED subjects with Rheumatoid arthritis were false positive and similarly that patients with Lupus also had a high false positive rate (14.2 %). Since 1966 it has been known that autoimmune inflammatory diseases such as Lupus, Polyarthritis, or Rheumatoid arthritis are associated with significant elevated levels of cfDNA [25] [26] [27] . We therefore speculate that the decreased assay sensitivity observed in subjects with Arthritis could be due to increased circulating levels of arthritis-associated cfDNA, making it difficult to detect the few copies of methylated ctDNA from the CRC. Further, a recently published study of DNA methylome changes in Rheumatoid arthritis indicates that DNA hypermethylation is a part of the disease etiology and that the methylation alterations continue to evolve as the disease progresses to chronic Rheumatoid arthritis. We consider that this dynamic pattern may lead to cancer-independent methylation of Sept9, and hence a higher false positivity rate among subjects with NED and arthritis [28] .
For subjects with NED, Diabetes and Arteriosclerosis showed borderline significant association to false positive Sept9 results. Both diseases generate generalized inflammation in the body, and hence potentially increased levels of cfDNA and methylome changes, however additional studies are needed to establish this confidently.
Strengths and limitations of our study
A major strength of this study is that it is based on a well-characterized nested case-control design, which minimizes the risk of the selection bias that was seen in several of the early Sept9 studies. The available lifestyle factors were self-reported by the patients, with the uncertainty this may cause, whereas BMI, follow-up and information about chronic diseases were collected from the medical records. In order to eliminate potential confounding effects from age and gender we matched cases and controls on these parameters. The male and female cases were further matched on tumor site and stage. Collectively this fulfills the requirements for statistical comparison of case and controls. One obvious limitation of the study is the size of the cohort, which counted only 299 subjects. Accordingly, near-significant differences between cases and controls (Type II error) may still reflect potentially interesting observations. Another limitation is that the Sept9 test is validated for 3.5 mL of plasma and only 139 subjects fulfilled this requirement. Though no significant difference was observed as a result of the lower plasma volume, this could influence especially the overall assay sensitivity. Finally, we allowed for a wide age range in our cohort with 45 subjects <50 years of age. Therefore the age of the cohort differs slightly from that of a screening cohort, where all subjects are >50. The wide age range may enhance the differences in assay performance due to age when subjects >65 are compared to subjects ≤65.
Conclusions
In conclusion, the present nested case-control study indicates that the Sept9 assay has an overall sensitivity of 73 % and a specificity of 82 % (1/3 algorithm). While these numbers appear promising, the sensitivity for adenomas and stage I tumors was limited. Naturally, the utility of the assay for CRC population screening will require improved sensitivity for detection of these early stage tumors. We consider that increasing the plasma volume will be essential to achieve the needed improvement, but this must be tested in future studies. In addition, we showed that high age and comorbidities like Arthritis, Arteriosclerosis, and Diabetes affected assay performance negatively. Taken together this might partly explain why the performance of the Sept9 assay in recent screening based studies varies from the performance estimates of previous retrospective case-control studies. In addition, the findings indicate that age and comorbidities alter both the DNA methylome and the levels of circulating DNA in an individual. This implies that all future blood-based assays, targeting a few ctDNA copies in a large pool of cfDNA, especially methylationsensitive assays, may be affected.
